Cells of the mixotrophic chemolithotroph (facultative autotroph) Thiobacillus intermedius which have been grown on a glucose-yeast extract medium, a condition in which glucose is used as a source of energy, accumulate the non-metabolizable analogue 2-deoxy-D-glucose against a concentration gradient in a predominantly unchanged state. On the other hand, cells grown mixotrophically on a thiosulfate-glucose medium, a condition in which glucose provides cell carbon but is not used extensively for energy, and in which enzymes of the Entner-Doudoroff pathway are repressed, do not accumulate 2-deoxy-D-glucose significantly. Similarly, cells grown chemolithotrophically on thiosulfate-carbonate do not take up this sugar. Transfer of thiosulfate-yeast extract-grown cells, which lack the capacity to accumulate 2-deoxy-D-glucose, to a glucose-yeast extract medium results in the induction of the concentrative sugar uptake system. The capacity of induced cells to take up 2-deoxy-D-glucose is inhibited by thiosulfate. Thus, the transport system for glucose appears to be regulated in this organism so that the sugar is accumulated only under conditions where it is utilized as a source of energy, and the presence of the preferred energy source leads to both repression and inhibition of the uptake system.
Pseudomonas aeruginosa utilizes a number of tricarboxylic acid cycle intermediates in preference to glucose (14, 19) . This preferential utilization of organic acids is brought about both by the regulation of glucose catabolism (14, 19) and by the regulation of glucose uptake; a number of organic acids both repress the formation of the inducible transport system and inhibit its activity (12, 13) . The succinate-glucose diauxie exhibited by Arthrobacter crystallopoietes also has been shown to be related to regulation of glucose uptake (7) .
A parallel that is interesting from the standpoint of comparative physiology is presented by Thiobacillus intermedius, an organism which utilizes an inorganic substance, thiosulfate, as an energy source in preference to glucose. This organism can grow as an autotroph, utilizing thiosulfate as energy source and carbonate as carbon source, as a mixotroph, utilizing thiosulfate as energy source and glucose as carbon source, or as a heterotroph, utilizing glucose in the presence of yeast extract as both energy and carbon source (8) (9) (10) . In the presence of thiosulfate and glucose, glucose is not used as an energy source, and under such conditions the enzymes of the Entner-Doudoroff pathway are repressed (11) . Thus, this organism offers the opportunity of studying the characteristics of the glucose transport system under conditions where glucose is utilized only as a source of carbon, or when it is utilized as a source of energy as well.
We present evidence here, by using the non-metabolizable analogue 2-deoxy-D-glucose, that T. intermedius has an inducible, non-phosphorylative, active transport system for glucose that is formed only under conditions where this sugar is used as a source of energy, and that thiosulfate regulates this transport system both by repression and by inhibition of its activity.
MATERIALS AND METHODS
Organism and growth media. T. intermedius ATCC 15466 was cultured essentially as described by Matin and Rittenberg (10 Extraction and chromatography of accumulated material. Cells grown in mineral salts plus 0.5% glucose and 0.5% sodium thiosulfate for 72 h were harvested, washed, and resuspended as described to a density of 0.26 mg (dry weight) /ml. Cell suspension (5 ml) was incubated at 30 C with 0.25 mM
[14C]2-deoxy-D-glucose (0.2 MCi/umol) for 5 min, and then filtered and washed as described above. The filter with the cells was placed in 5 ml of water at 90 C and extracted with stirring for 15 min. The suspension was filtered. The residue on the filter, representing nonextracted substances, was counted directly; the filtrate, representing extracted substances, was analyzed for sugar phosphates by a modification of the chromatographic method of Winkler (21); a sample of 0.5 ml was applied to a column (4 by 0.6 cm) containing Bio-Rad AG1-x2 anion exchange resin (100 to 200 mesh), which had been converted to the formate form. The free sugar fraction was eluted with five 0.5-ml portions of water; sugar phosphates and other anionic substances were subsequently eluted with seven 0.5-ml portions of 0.5 M ammonium formate in 0.2 M formic acid. Eluted materials were collected directly in scintillation vials for radioassay.
RESULTS
Effect of energy and carbon source during growth on the capacity to take up 2-deoxy-Dglucose. The time courses of 2-deoxy-D-glucose uptake by cells grown autotrophically on thiosulfate-carbonate, mixotrophically on thiosulfate-glucose, and heterotrophically on glucoseyeast extract are shown in Fig. 1 . It is clear that only those cells that were grown on glucoseyeast extract were capable of accumulating 2-deoxy-D-glucose to a significant degree. An estimate of intracellular concentration of this sugar in glucose-yeast extract-grown cells from these data, based on a cellular water content of 80% (4 itliters of H20 per mg of cell [dry weight]) and on an assumption that all the water was accessible to solute, yields a figure of 4.5 nmol/iliter of H20, or 4.5 mM 2-deoxy-D-glucose. This represents a 22-fold intracellular concentration of substrate over that of the external medium. Thus, an active transport system is indicated, which apparently was induced under conditions where glucose was used as the energy source; the system was not present in cells grown under conditions where thiosulfate was used as energy source, although glucose was present.
Characteristics of the uptake system. To determine whether the 2-deoxy-D-glucose that was taken up by glucose-yeast extract grown cells was phosphorylated, cells were allowed to take up labeled 2-deoxy-n-glucose for 5 min and extracted with hot water, and the extract was chromatographed on anion-exchange resin (see above). Hot water extraction removed 97% of the radioactivity from the cells, indicating that there was negligible incorporation of 2-deoxy-Dglucose into cellular polymers. Anion-exchange chromatography yielded one major fraction, accounting for 96% of the total radioactivity applied to the column, which appeared in the neutral fraction eluted with water (fractions 1 to 6; Fig. 2 ). Only small amounts appeared in subsequent fractions, eluted with 0.5 M ammonium formate in 0.2 M formic acid, which would contain anionic products such as sugar phosphates or sugar acids. Paper chromatography of the hot water extract with a n-butanol-acetic acid-H2O (4:1:1 by volume) system yielded a single radioactive spot, corresponding to 2-deoxy-D-glucose (not shown). Thus, 2-deoxy-D-glucose is taken up by an active transport system, whereby the sugar is unchanged, rather than by a group translocation system, such as the phosphoenolpyruvate-glucose phosphotransferase system (16) .
The uptake of 2-deoxy-D-glucose shows saturation kinetics with respect to substrate concen- (Fig. 3) shows that glucose competitively inhibits 2-deoxy-D-glucose uptake with an apparent K1 of 3.3 x 10'. This indicates that 2-deoxy-D-glucose is transported via the glucose transport system. Further evidence that these sugars share the same stereospecific carrier, and that 2-deoxy-D-glucose is taken up into a free intracellular pool that is readily exchangeable with external substrate, is provided by the observation that addition of nonradioactive glucose to a cell suspension that has been allowed to take up radioactive 2-deoxy-Dglucose leads to a rapid efflux of the radioactive sugar from the cell (Fig. 4) . Regulation of the transport system. Cells grown on thiosulfate-yeast extract have a low capacity to transport 2-deoxy-D-glucose. When such cells are washed and suspended in a glucose-yeast extract medium, the capacity to transport 2-deoxy-D-glucose is induced (Fig. 5) . That this induction involves the synthesis of a new protein is indicated by its inhibition by chloramphenicol. There was considerably less induction of the transport system in the thiosulfate-glucose medium (Fig. 5) . These data, taken together with those of Fig. 1 , indicate that the glucose transport system is inducible, and its synthesis is repressed by thiosulfate.
Thiosulfate also inhibits 2-deoxy-D-glucose transport by cells that have been induced by glucose. Both the rate of uptake and final steady-state concentration of 2-deoxy-n-glucose was decreased by the addition of sodium thiosulfate at the same concentration used in growth media (Fig. 6) (2) by hydrogen. Also, in T. (Fig. 7) thiosulfate, or the characteristics of the transport system itself, on the basis of data reported here. However, the kinetics of uncompetitive inhibition that is exhibited by thiosulfate with respect to 2-deoxy-D-glucose concentration indicates that the thiosulfate does not decrease the affinity of the transport carrier for the sugar, since the apparent Km of the system is decreased. Rather, it may be reasonable to suppose that thiosulfate may interfere with the functioning of an additional component of the system, which may be the energy-coupling system. In any case, the characteristics of uncompetitive inhibition points up an important consequence in physiological terms that is apparent on inspection of Fig. 7A ; inhibition of transport is minimal at low sugar concentrations and becomes greater at higher sugar concentrations. Thus, when the organism is growing in the presence of thiosulfate, it still has a high affinity system for taking in glucose, present in low concentration, that it can incorporate into cellular carbon. In environments where sugar concentration is high, a mechanism is present to exclude excessive amounts of sugar when the preferred energy source is present.
We are continuing to study the mechanism of glucose transport and its regulation in this organism. It is possible that a metabolite derived from thiosulfate oxidation, such as adenosine 5'-triphosphate may act as a negative effector on the permease. Alternatively, if glucose transport is dependent upon electron flow catalyzed by a specific dehydrogenase (as yet unknown in this case) according to a model similar to that proposed by Kaback (6) , it is (2-DEOxY-D-GwCOSE) ( 
